Objective: Low-density granulocytes (LDGs) can form neutrophil extracellular traps (NETs) spontaneously and excessively. When peripheral blood mononuclear cells (PBMCs) are used for studying T lymphocytes, LDGs contained in the PBMCs may decrease the threshold of activating T lymphocytes by forming NETs. This study focused on the profiles of LDGs in common autoimmune diseases and methods for removing LDGs from PBMCs. Methods: The percentages of LDGs in PBMCs from 55 patients with dermatomyositis (DM), 15 with polymyositis (PM), 42 with rheumatoid arthritis (RA), 25 with systemic lupus erythematosus (SLE), and 19 healthy controls were determined by flow cytometry. Three methods of removing LDGs were explored and compared. After removal, PBMCs from six patients with positive T-SPOT.TB were tested again to find out if LDGs contained in the PBMCs could influence T lymphocyte reactions. Results: Significantly higher LDG percentages were found in PBMCs from patients with DM ((8.41±10.87)%, P<0.0001), PM ((8.41±10.39)%, P<0.0001), RA ((4.05±6.97)%, P=0.0249), and SLE ((7.53±11.52)%, P=0.0006), compared with the controls ((1.28±0.73)%). The T-SPOT.TB values significantly decreased after LDGs were removed. Increasing relative centrifugal force (RCF) within a limited range can decrease the LDG percentage from an initial high level, but not markedly increase the LDG clearance rate. Compared with the whole blood sediment method, the PBMC adherence method can significantly remove LDGs yet scarcely influence the T lymphocyte percentage in PBMCs. Conclusions: The LDG percentage in PBMCs is significantly increased in patients with SLE, DM, PM, and RA. The influence of LDGs on T lymphocytes cannot be ignored in PBMC cultures. The adherence method is a simple and easy-to-use method for removing LDGs and purifying T lymphocytes from PBMCs.
Introduction
Low-density granulocytes (LDGs) have been observed in peripheral blood mononuclear cells (PBMCs) of patients with systemic lupus erythematosus (SLE), a typical autoimmune disease (Denny et al., 2010; Pavón et al., 2012) . Similar to mature autologous and healthy control neutrophils, LDGs express highly the neutrophil surface markers CD15, CD10, CD11b, CD11c, and CD16, but unlike neutrophils, their nuclear shape is of an immature phenotype (Denny et al., 2010) . LDGs show characteristics of proinflammatory cells. Upon activation, they can injure endothelial cells and release a large quantity of tumor necrosis factors (TNFs) and type I and type II interferons (IFNs) (Denny et al., 2010; Villanueva et al., 2011; CarmonaRivera and Kaplan, 2013; Carmona-Rivera et al., 2015) .
When activated by pathogenic microbes or proinflammatory cytokines, LDGs can release double stranded DNA, histones, antibacterial peptides and enzymes to form neutrophil extracellular traps (NETs) which trap and kill pathogenic microbes (Brinkmann et al., 2004; Fuchs et al., 2007; Villanueva et al., 2011; Carmona-Rivera et al., 2015) . Compared to autologous and healthy control neutrophils, LDGs exhibit a stronger capacity to form NETs, and are more likely to do so (Villanueva et al., 2011) . In addition to their defensive function, NETs can influence T lymphocyte activation (Tillack et al., 2012) .
PBMCs are often used in lymphocyte research and clinical tests (e.g. T-SPOT.TB test). Abnormally increased LDGs may spontaneously form NETs, and this may induce cluster formation, upregulation of the activation markers CD25 and CD69, and phosphorylation of the T-cell receptor (TCR)-associated signaling kinase ZAP70 in CD4 + T cells. T cell priming by NETs lowers the activation threshold (Tillack et al., 2012) . Co-culture of T cells, dendritic cells (DCs), and NETting-neutrophils results in T cell activation and IFN-γ release (Tillack et al., 2012) .
Therefore, it can reasonably be expected that T lymphocyte function is influenced by LDGs forming NETs in tests using PBMC samples. However, other than the expensive and complex flow cytometer and magnetic bead separation, there is no simple and easy-to-use method of removing LDGs from PBMCs. We focused in this study on finding an ideal method, and studying the influence of LDGs on T lymphocytes in the T-SPOT.TB test. Given the potential pathogenic role of LDGs in autoimmune diseases, it was important to measure the extent of LDG expression in some common autoimmune diseases. In addition to SLE, we included dermatomyositis (DM), polymyositis (PM), and rheumatoid arthritis (RA) to determine whether LDGs were also abnormally increased in their PBMCs.
Materials and methods

Subjects
We recruited 55 patients with DM and 15 with PM diagnosed according to Bohan and Peter's criteria (Bohan and Peter, 1975a; 1975b) from the Department of Rheumatology at China-Japan Friendship Hospital, Beijing, China (April 2013 to April 2014). Also included were 42 patients with RA fulfilling the 2010 RA classification criteria (Aletaha et al., 2010) and 25 SLE patients fulfilling the 1997 American College of Rheumatology (ACR) SLE classification criteria (Hochberg, 1997) ; 19 age-and sex-matched healthy Chinese volunteers were selected as controls. General information about each group is shown in Table 1 . The study was approved by the Ethics Committee of China-Japan Friendship Hospital. All patients and controls gave written informed consent.
PBMC isolation and LDG measurement
Blood was collected from patients and healthy individuals into an ethylenediaminetetraacetic acid (EDTA) Vacutainer. PBMCs were isolated by density gradient centrifugation over Histopaque-1077 (SigmaAldrich, St. Louis, MO, USA) following the manufacturer's instructions. The mononuclear fraction was resuspended in phosphate buffered saline (PBS) and centrifuged again for 10 min at a relative centrifugal force (RCF) of 300g. The sediment was resuspended in 0.5 ml PBS. Fluorescein isothiocyanate (FITC)-labeled anti-CD15 (Biolegend, Catalog: 301904) and phycoerythrin (PE)-labeled anti-CD14 (Biolegend, Catalog: 325606) antibodies were used for flow (Biolegend, Catalog: 401605, 400111) were used to calculate the amount of nonspecific staining. Lymphocytes, monocytes, and granulocytes were gated according to their forward and scatter characteristics as previously described (Denny et al., 2010; Pavón et al., 2012) . Two color immunofluorescence analyses were performed on a Beckman Coulter Epics XL flow cytometer (Beckman Coulter, Inc., CA, USA).
PBMC adherence method
When lymphocytes are suspended in cell culture, granulocytes and monocytes easily adhere to the bottom of the cell culture plate. Based on this feature, LDGs should be removed from PBMCs by culturing PBMCs for a suitable time. Herein, separated PBMCs were resuspended in RPMI 1640 (cell concentration 1×10 5 ml −1 ) and cultured in a cell culture plate. Cell suspension was added to a 96-well plate (100 µl per well), a 48-well plate (300 µl per well), a 24-well plate (600 µl per well), and a 6-well plate (3 ml per well) according to cell culture routines and our experience. After 1 h of incubation in a CO 2 incubator at 37 °C, the supernatant was very carefully collected and centrifuged for 10 min at 300g RCF. The percentage of LDGs remaining in the supernatants was tested by flow cytometry to determine if LDGs were removed from PBMCs by adherence. The PBMCs were ready for further culture after adherence.
T-SPOT.TB tests
PMBCs from patients with positive T-SPOT.TB results were selected. Their PBMCs were incubated according to the adherence method and then tested by T-SPOT.TB kit (Oxford Immunotec Ltd., Abingdon, Oxfordshire, UK) according to the manufacturer's instructions to find out if removing LDGs from PBMCs can influence the results of T-SPOT.TB tests.
Whole blood sedimentation method
Because lymphocytes are usually suspended in cell culture, we investigated whether lymphocytes could be separated and LDGs removed by direct sedimentation of whole EDTA blood. Whole blood was left to stand in a test tube. After 3 h of sedimentation, plasma was carefully collected and centrifuged for 10 min at 300g RCF. The separated cells were resuspended in PBS and the LDG percentages were tested by flow cytometry.
Influence of RCF in PBMC preparation
PBMCs were isolated according to the manufacturer's instructions by density gradient centrifugation over Histopaque-1077 for 30 min at 400g RCF, which is considered to be a standard method. To find out whether elevating the RCF can influence the percentage of LDGs in prepared PBMCs, aliquots of the same whole blood samples were centrifuged at RCFs of 600g and 800g for 30 min. The LDG percentages were compared in the PBMCs centrifuged at various RCFs.
Measurement of T lymphocyte percentages in PBMCs
To find out whether the separation methods could influence the T lymphocyte percentages in PBMCs, FITC-labeled anti-CD15 (Biolegend, Catalog: 301904), allophycocyanin (APC)-labeled anti-CD3 (Biolegend, Catalog: 300312), and PE-labeled anti-CD8 (Biolegend, Catalog: 300908) antibodies were used to quantify the total T lymphocytes, CD8 + T lymphocytes, and LDGs in PBMCs using flow cytometry.
Statistical analysis
GraphPad Prism 5 was used to perform comparisons between different groups and to draw figures. Calculations were based on a 95% confidence interval. P<0.05 was considered significant. An unpaired t-test was used for continuous variables fulfilling a Gaussian distribution, while a Mann-Whitney test was used for continuous variables that were not normally distributed. A paired t-test was used for the paired variables.
Results
Percentage of LDGs in PBMCs
The monocytes and LDGs could be distinguished based upon expression of the neutrophil marker CD15 and the monocyte marker CD14. (Fig. 1) , indicating that an increased percentage of LDGs is common to several systemic connective tissue diseases.
Effect of removal of LDGs from PBMCs on T-SPOT.TB results
LDGs may decrease the threshold of activation of T lymphocytes by forming NETs when PBMCs are used for studying T lymphocyte function. Therefore, we chose T-SPOT.TB, commonly used in clinical practice to screen for tuberculosis, to test whether removing LDGs from PBMCs can influence the T-SPOT.TB results. Six patients with positive T-SPOT.TB results were selected and their PBMCs were adhered for 1 h before being used for the T-SPOT.TB test. The results indicated that the LDG percentage was markedly decreased after adherence of PBMCs (Fig. 2a) . Meanwhile, the T-SPOT.TB A and B values were both significantly decreased compared to the primary results (Figs. 2b and 2c) , suggesting that removal of LDGs has an effect on the reaction of T lymphocytes to specific antigens. The possible explanation could be that LDGs decrease the threshold of activation of T lymphocytes and amplify their immune response. Therefore, it was necessary to find a simple and easy-to-use method of removing LDGs from PBMCs.
Effect of elevating RCF on percentage of LDGs during PBMC separation
Compared to the standard method, centrifugation with RCFs of 600g and 800g decreased the LDG percentages in the separated PBMCs, especially for samples with higher LDG percentages, but the difference did not reach significance (P=0.0691 and P=0.0671; Fig. 3e ). Centrifugation at 800g did not decrease the LDG percentage more than centrifugation at 600g (P=0.4747; Fig. 3e ). These results indicate that elevating the RCF within a limited range was conducive to decreasing the LDG percentage in PBMCs, but could not completely remove LDGs. 
Comparison of PBMC adherence method and the whole blood sedimentation method for removing LDGs from PBMCs
Since elevating RCF alone could not completely remove LDGs, the adherence and the whole blood sedimentation methods were developed to further remove LDGs from the separated PBMCs. In Figs. 3a and 3b, the typical dots from the flow cytometer indicate that the PBMC adherence method completely removed not only LDGs but also monocytes. In contrast, the whole blood sedimentation method did not completely remove LDGs, and had no influence on monocytes (Figs. 3c and 3d) . Compared to the standard method, the PBMC adherence method could significantly remove LDGs from PBMCs (P=0.0314; Fig. 3f ), while the whole blood sedimentation method could also remove LDGs from PBMCs, but not to a significant level (P=0.0780; Fig. 3g ). These results mean that T lymphocytes could be purified from PBMCs using the adherence method alone.
Comparison of LDG clearance rates for different methods
To compare the capacities of the various methods to remove LDGs from PBMCs, the concept of a LDG clearance rate was introduced, defined as the percentage of LDGs separated by the standard method minus the LDG percentage obtained from other methods, the result of which was divided by the percentage obtained using the standard method. We compared the LDG clearance rates for the PBMC adherence method, the whole blood sedimentation method, and centrifugation at RCFs of 600g and 800g. As indicated in Fig. 4 , the PBMC adherence method gave a much better LDG clearance rate than centrifugation at 600g (P=0.0074) and at 800g (P=0.0089). The PBMC adherence method also out-performed the whole blood sedimentation method, but the difference did not reach significance (P=0.1927). The other methods exhibited negative LDG clearance rates, suggesting that they had poor stability.
Comparison of influences of two methods on T lymphocyte percentages during PBMC separation
The reason for using various methods to remove LDGs from PBMCs is to enrich T lymphocytes from PBMCs. We compared the T lymphocyte percentages in PBMCs after LDG removal by the whole blood sedimentation and by the PBMC adherence methods. The typical dot plots from the flow cytometer are shown in Figs. 5a-5c and whole data about T lymphocyte percentages in PBMCs are listed in Table 2 . The PBMC adherence method had a small influence on the proportion of T lymphocytes in PBMCs (P= 0.8087; Fig. 5g ), but the whole blood sedimentation method markedly reduced the proportion of T lymphocytes in PBMCs (P=0.0533; Fig. 5h ). Compared to the PBMC adherence method, whole blood sedimentation significantly decreased the proportion of T lymphocytes in PBMCs (P=0.0387; Fig. 5i ).
The proportion of CD8 + T cells in PBMCs was compared and the typical dot plots from the flow cytometer are shown in Figs. 5d-5f . The results indicate that the PBMC adherence method had a smaller influence on the percentage of CD8 + T cells in PBMCs than the whole blood sedimentation method, but the difference did not reach statistical significance (P=0.1203; Figs. 5j-5l).
To further validate whether the separation methods influenced the percentage of T lymphocytes in PBMCs, linear correlation analyses were performed between the T lymphocyte percentage in PBMCs and the T lymphocyte percentage in white blood cells (WBCs) of whole blood. The results indicate that the T lymphocyte percentage in PBMCs positively correlated with the T lymphocyte percentage in WBCs of whole blood after using the standard method to separate whole blood (P=0.0325; Fig. 5m ). Furthermore, this correlation was enhanced by using the PBMC adherence method to further remove LDGs from PBMCs (P=0.0004; Fig. 5n ). However, the whole blood sedimentation method markedly influenced the percentage of T lymphocytes in PBMCs (P=0.4249; Fig. 5o ). These results suggest that the PBMC adherence method can not only efficiently remove LDGs from PBMCs, but also make the T cell percentage in PBMCs more stable. Fig. 4 Comparing LDG clearance rates of four methods LDG clearance rate is defined as the LDG percentage separated from the standard method minus the LDG percentage obtained from other methods, the result of which was divided by the LDG percentage obtained from the standard method. Adherence: PBMC adherence method; Sediment: whole blood sedimentation method; 600g and 800g: PBMCs were isolated by density-gradient centrifugation over Histopaque-1077 for 30 min at 600g and 800g RCF. Statistical analyses were performed using an unpaired t-test with Welch's correction. ** P<0.001 
Discussion
Similar to SLE patients, LDG percentages were significantly increased in DM, PM, and RA patients relative to healthy controls, suggesting that this increase is universal in common autoimmune diseases. Removing LDGs from PBMCs significantly decreased the T-SPOT.TB results, indicating that LDGs can decrease the threshold of activation of T lymphocytes and amplify their immune response. Therefore, use of a simple method for removing LDGs from PBMCs is necessary. Within a certain range, an increased RCF (600g) can reduce the proportion of LDGs in PBMCs, but the PBMC adherence method can reduce the LDG percentage significantly with a minimal impact on T cell percentages in PBMCs.
As early as 1986, abnormally increased LDGs in PBMCs were reported in a small sample of patients with SLE, RA, and acute rheumatic fever (Hacbarth and Kajdacsy-Balla, 1986) . After neutrophils forming NETs were reported in by Brinkmann et al. (2004) , LDGs were once more a topic of research until 2010 (Denny et al., 2010) . Now the research extends beyond rheumatism to diseases such as human immunodeficiency virus (HIV) infection, severe infections, tumors, and neonatal disorders where a significantly increased number of LDGs in PBMCs have been reported (Morisaki et al., 1992; Rodriguez et al., 2009; Lin et al., 2011; Cloke et al., 2012; Hoffmann et al., 2013; Ssemaganda et al., 2014) . In the classical autoimmune disease of SLE, the LDG percentage in PBMCs was determined for 35 patients and 31 healthy controls, and the results indicated that the average percentage was 15% in SLE patents and 2% in healthy controls (Pavón et al., 2012) . In another study, the LDG average percentage was 18% in 65 patients with SLE and 5% in 22 healthy controls (Denny et al., 2010) . In our study, the LDG average percentage was 1.28% for healthy controls, 8.41% for DM, 8.41% for PM, 4.05% for RA, and 7.53% for SLE, which were lower than the percentages reported in the literature. The possible reason for this is that different separation methods have an impact on the LDG percentage. This set of data suggests that abnormally increased LDGs in PBMCs are widespread in autoimmune diseases.
LDGs may represent a group of immature neutrophils stimulated by unknown factors and released early from the bone marrow (Carmona-Rivera and Kaplan, 2013) . In autoimmune diseases, a variety of proinflammatory cytokines and other materials are abundant, which may promote early release of neutrophil precursor cells from the bone marrow, or interfere with the differentiation ability of neutrophil precursor cells. LDGs can secrete type I IFN, TNF-α, and IFN-γ excessively upon stimulation, which can promote and increase tissue damage (Denny et al., 2010) . LDGs can also induce significant endothelial cell cytotoxicity and directly injure endothelial cells by forming NETs (Saffarzadeh et al., 2012; CarmonaRivera and Kaplan, 2013) . Moreover, LDGs show a stronger NET-forming ability and are more likely to form NETs compared to normal density neutrophils (Carmona-Rivera and Kaplan, 2013) .
In clinical tests and research on T lymphocytes, PBMCs are commonly used in culture in vitro to substitute for T lymphocytes. If the cultured PBMCs contain abnormally increased numbers of LDGs, the PBMCs will form a co-culture environment of T cells, DCs, and NETting-granulocytes, which may result in T lymphocyte activation and IFN-γ release (Tillack et al., 2012) . T-SPOT.TB is widely used to screen for tuberculosis in current clinical practice, in which PBMCs are used to identify the sensitized T lymphocytes that can release IFN-γ upon stimulation of tuberculosis antigens. If the tested PBMCs contain a large number of LDGs, T lymphocytes will be activated by LDG-formed NETs and further release IFN-γ. These will produce a false positive outcome, which could mislead the clinical decision. As exemplified in this study, removing LDGs from PBMCs resulted in a decrease of T-SPOT.TB results. It is therefore clear that the influence on T cells of LDGs forming NETs cannot be ignored when performing PBMC cultivation.
Current methods of obtaining or removing a certain type of cell from a mixture of cells are magnetic bead separation and flow cytometer separation. These two methods use magnetic beads or fluorescent markers tagged with monoclonal antibodies to specifically bind a particular cell line and then separate the cells of interest from the mixed cells. These methods can be divided into positive and negative selections. Positive selection, due to the combination of specific antibodies, may affect cell function, while negative selection uses a variety of antibodies to combine with the cells that are not required and keep the cells of interest (Denny et al., 2010; CarmonaRivera and Kaplan, 2013) , so the separation cost is quite high. Therefore, it is necessary to find a simple and easy-to-use method for removing LDGs from PBMCs.
The influence of RCF on the LDG percentage in PBMCs was verified initially. The results showed that elevating the RCF within a limited range (600g) led to a decrease in the number of LDGs, but elevating RCF further did not remove all LDGs from PBMCs. The PBMC adherence method significantly reduced the proportion of LDGs and showed the highest LDG clearance rate. Whole blood sedimentation could also remove a proportion of the LDGs in some patients, but the results were not stable. Therefore, the PBMC adherence method was the most efficient and stable method of removing LDGs from PBMCs.
A good method should have the highest LDG clearance rate and the lowest impact on lymphocyte percentages in PBMCs. So we compared the PBMC adherence and the whole blood sedimentation methods for their effects on lymphocyte percentages. The PBMC adherence method not only had less influence on the T lymphocyte percentage in PBMCs, but also restored the proportion of T cells in PBMCs to close to the lymphocyte percentage in blood routine analysis.
A good method should be not only efficient and accurate, but also simple and feasible. The PBMC adherence method is very easy for use in research and clinical practice. The separated PBMCs can be seeded on various common culture plates for 1 h, and then the supernatant can be carefully collected for centrifugation again. By this simple procedure, almost all LDGs can be removed from PMBCs.
Conclusions
An abnormally increased proportion of LDGs is widespread in SLE, PM, DM, and RA patients. LDGs forming NETs may affect the results of T lymphocytes in PBMC samples from patients with these diseases. The PBMC adherence method can remove LDGs from PBMCs efficiently while affecting the T lymphocyte percentage in PBMCs minimally. When PBMCs are used to perform lymphocyte-related research, it is strongly recommended that cell suspension is reseeded in another culture plate after 1 h to prevent and reduce the effects of LDGs on T cellrelated experimental results due to the formation of NETs.
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